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The zooplankton of oligotrophic lakes in North Patagonia is often dominated by mixotrophic ciliates, particularly
Stentor amethystinus and Stentor araucanus. Therefore, we tested whether Stentor spp. (i) is an important food for
juvenile endemic (Cheirodon australe, Galaxias maculatus, Odontesthes mauleanum, Percichthys trucha) and introduced
(Oncorhynchus mykiss) ﬁsh species, and (ii) represents a remarkable grazer of bacteria. Ingestion rates of ﬁsh estimated
by disappearance of Stentor in feeding experiments ranged between 8 (G. maculatus) and 53 (C. australe) ciliates per
ﬁsh and day, and assimilation rates measured by using radioactively labelled Stentor ranged between 3 (P. trucha) and
52 (C. australe) ciliates per ﬁsh and day. However, although we detected the consumption of Stentor by ﬁsh, the daily
consumption amounted to at most 0.2% of the ﬁsh biomass which can not cover the energy requirement of the ﬁsh.
Furthermore, the daily consumption was equivalent to a maximum of 1.6% of the Stentor standing stock so that ﬁsh
predation does not seem to be an important mortality factor for the ciliates. The clearance rate of Stentor sp. on
natural bacteria was on average 3.8 ml cil1 h1. The daily ingestion (mean 3.9 ngC cil1 d1) was about 3.5% of the
individual biomass of Stentor sp. Therefore, bacteria ingestion might explain a ciliate growth rate of appr. 1%d1,
which was about 17% of the photosynthesis of endosymbiotic algae. The maximum density of Stentor sp. in the lake
could ingest about 1 mgCL1 d1 bacteria which is only 3% of average bacterial production. Thus, grazing by Stentor
sp. does not seem to be a main loss factor for the bacteria.
r 2008 Elsevier GmbH. All rights reserved.
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The plankton composition of lakes of the Southern
hemisphere shows some speciﬁc characteristics com-
pared to lakes of the Northern hemisphere. For
instance, important invertebrate predators from thee front matter r 2008 Elsevier GmbH. All rights reserved.
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ess: kamjunke@rz.uni-potsdam.de (N. Kamjunke).northern lakes, such as Chaoborus, Leptodora and
Bytothrephes, are completely absent in the North
Patagonian lakes, and water mites (e.g. Limnesia
patagonica) and cyclopoid copepods play only a minor
role (Soto and Zuniga, 1991). Calanoid copepods
dominate the mesozooplankton and are more important
than cyclopoid copepods and cladocerans (Soto and
Zuniga, 1991; Villalobos, 1994). The phytoplankton is
dominated by mixotrophic chrysophyceae and large
diatoms (Soto and Stockner, 1996).
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mixotrophic ciliates (Ophrydium, Stentor) with endo-
symbiontic algae in high abundances (Modenutti et al.,
1998; Woelﬂ, 2007). These organisms are an important
component of the pelagic part of marine and freshwater
food webs at times (Dolan, 1992; Laybourn-Parry et al.,
1997), especially in comparison with the total ciliate
biomass and total zooplankton biomass (Laybourn-
Parry et al., 1997; Woelﬂ and Geller, 2002; Woelﬂ,
2007). In the southern hemisphere, the mixotrophic
ciliate of the genus Stentor is one of the most important
zooplankton groups in lakes in Australia, New Zealand
and North Patagonia (James et al., 1995; Laybourn-
Parry et al., 1997; Modenutti et al., 1998; Woelﬂ and
Geller, 2002). Two species of Stentor (S. amethystinus
and S. araucanus) always containing symbiotic green
algae of the genus Chlorella formed a signiﬁcant
component of the zooplankton biomass in four out of
13 examined deep North Patagonian lakes (Woelﬂ,
2007). Mixotrophic ciliates contributed 14–76% (annual
average 47%) to total zooplankton biomass in tempe-
rate, oligotrophic Lake Pirehueico in North Patagonia
(Woelﬂ and Geller, 2002). In Lake Caburga, they
comprised 69728% (annual mean7SD) of the total
zooplankton biomass (Woelﬂ, 2007). Stentor co-inhabited
lakes with calanoid copepods (Boeckella, Tumeodiaptomus)
and small cladocerans (Eubosmina, Ceriodaphnia) and was
negatively correlated with cyclopoid copepods and large
cladocerans (Woelﬂ, 2007).
However, little is known about trophic interactions
regarding mixotrophic ciliates so far. Stentor is hardly
ingested by calanoid copepods and small cladocerans so
that the trophic link from ciliates via large zooplankton
to ﬁsh seems to be developed rather weakly. One open
question is their importance as potential food for small
ﬁsh. While, tintinnid ciliates and naked ciliates have
been found in the gut of ﬁeld-collected marine ﬁsh
larvae (e.g. Fukami et al., 1999; Nagano et al., 2001),
few studies have been based on laboratory experiments
(Stepien, 1976; Nagano et al., 2000) or investigations in
freshwater ecosystems (Korniyenko, 1971; Lair et al.,
1994). Heterotrophic ciliates are used for breeding of
tropical aquarium ﬁsh and in aquaculture but there is
little ﬁeld evidence that ﬁsh larvae feed on naked ciliates
because of their small size, the lack of hard structures
and the quick decomposition by gastric juices (Kentouri
and Divanach, 1986). On the other hand, the high
abundance of Stentor in some North Patagonian lakes,
the large size (up to 300 mm), and the remarkable
colouring/visibility of Stentor due to their endosym-
biontic algae make them potentially interesting for ﬁsh.
However, up to now there have been no studies about
the effect of predation by ﬁsh on Stentor in North
Patagonia. Therefore, in the ﬁrst part of the present
study, we investigated a possible predation by ﬁsh on the
pelagic ciliate Stentor sp. in North Patagonian lakes. Wetested whether different endemic and introduced ﬁsh
species do indeed ingest Stentor, and performed inges-
tion and assimilation experiments.
Furthermore, the mixotrophic ciliates might inﬂuence
lower trophic levels of the food web. Because of their
endosymbionts, Stentor contributes signiﬁcantly to the
primary production: during the spring and autumn peak
phases, the depth-integrated photosynthesis of Stentor
amounted to 3–5mgCm2 h–1 or 20–25% of total
primary production, respectively (Woelﬂ and Geller,
2002). Besides that contribution to primary production,
they potentially ingest bacteria. Ciliates represent a
signiﬁcant trophic link between the microbial food web
and metazoans and some are important grazers of
bacteria (Porter et al., 1985; Sherr and Sherr, 1987). The
protozooplankton of the Patagonian lakes is dominated
by large ciliates which even can be more abundant than
small ciliates (Woelﬂ and Geller, 2002), and also
ﬂagellates are found in low densities (Woelﬂ, 1995).
Again, little is known about bacteria ingestion of
Stentor in North Patagonian lakes. In a recent study,
Modenutti et al. (2008) did not detect an ingestion
of bacteria by S. araucanus. Thus, in the second part of
the present study, we measured ingestion rates of
bacteria by Stentor and compared them with bacterial
production.Material and methods
Organisms
Two mixotrophic ciliates of the genus Stentor,
S. amethystinus and S. araucanus, were used. Most of
the ciliates were S. amethystinus and their length ranged
between 200 and 300 mm. The ciliates were collected
from the epilimnion of the oligotrophic lakes, Lago
Caburgua (391070S/711450W, Chile; surface area:
51.9 km2, maximum depth: 327m) and Lago Pirehueico
(391570S/711480W, Chile; surface area: 30.5 km2, max-
imum depth: 145m), using a 55 mm plankton net.
Ciliates were cultured in plastic pails (volume: 3.5 L)
placed in ﬂow-through basins (250L). The water used in
these basins came directly from the epilimnion of Lago
Panguipulli and had a temperature between 12 and
20 1C. Four endemic ﬁsh species were investigated:
Cheirodon australe (Characiformes;o6 cm long), Galax-
ias maculates (Osmeriformes;o16 cm long) whose juve-
niles feed on plankton (Cervellini et al., 1993),
Odontesthes mauleanum (Atheriniformes;o30 cm long)
feeding on plankton and chironomid larvae as juveniles
(Klink and Eckmann, 1985), and Percichthys trucha
(Perciformes;o50 cm long) mainly ingesting benthic
insect larvae (Ruzzante et al., 1998). Juvenile ﬁshes
were collected at Lago Panguipulli (391430S/721130W,
ARTICLE IN PRESS
Table 1. Length and wet weight of the ﬁsh utilised in the experiments
Experiment Ingestion Assimilation
Fish species Length (cm) Weight (g) Length (cm) Weight (g)
C. australe 1.9–3.0 0.12–0.36 1.4–2.7 0.07–0.31
G. maculatus 3.5–4.4 0.16–0.33 3.7–5.0 0.20–0.77
O. mauleanum 1.5–2.8 0.02–0.09 1.1–4.1 0.01–0.55
P. trucha 1.7–2.6 0.09–0.27 1.5–3.1 0.08–0.45
O. mykiss (0.5 months) 1.5–2.0 0.07–0.11 1.4–2.0 0.04–0.12
O. mykiss (3 months) 2.9–3.7 0.26–0.48 2.5–3.7 0.22–0.48
N. Kamjunke et al. / Limnologica 39 (2009) 107–114 109Chile; surface area: 116.9 km2, maximum depth: 268m)
using a dip net, bow net, and a purse seine (length: 5m;
mesh size: 1.5mm). The introduced ﬁsh species,
Oncorhynchus mykiss (rainbow trout), was obtained
from a ﬁsh farm (Piscicultura Huililco, Pucon, Chile) in
the age classes 0.5 and 3 months. The length of all ﬁsh
was 1.1–5.0 cm (Table 1). All ﬁsh were kept in the ﬂow-
through basins (250L) supplied with fresh lake water of
Lago Panguipulli. A natural community of pelagic
heterotrophic bacteria for the ﬁltration experiments
was obtained from the water surface of Lago Panguipulli
or Lago Caburga.Ingestion rates of ﬁsh
Six non-transparent, black plastic pails (volume: 1L)
were ﬁlled with 0.5 L ﬁltered lake water of Lago
Panguipulli. Stentor was individually added by pipette
until the initial concentration of 500 or 1000 StentorL1
(O. mauleanum) was reached. Triplicate pails were
provided with ﬁsh, the other three pails were used as
controls. Prior to experiments, specimens were starved
for 24 h and then weighed. A fresh weight of 1 g ﬁsh was
added to each ﬁsh pail (2–11 individuals). All pails were
aerated by aquarium air pumps. This ingestion experi-
ment was performed in a climate chamber at 13 1C and a
light–dark-regime of 16:8 h (100–150 mmolm2 s1). In
an additional experiment, the potential indirect negative
effects of ﬁsh excretion were tested to rule out any effect
of the unnatural high ﬁsh density (e.g. ammonium) and
to be sure that the decrease in Stentor biomass was
caused by grazing. For this, we compared pails with ﬁsh,
controls without ﬁsh, and pails with ﬁsh excretions
taken from the ﬁsh water of another experiment. After
24 h, ﬁsh were removed from the pails and measured
(weight and length; Table 1). The remaining water was
ﬁltered onto cellulose ﬁlters (47mm in diameter). We
used low vacuum to cause as little damage as possible.
After drying the ﬁlters at air, Stentor was counted using
a microscope (Leica ZOOM 2000). Both S. araucanus
and S. amethystinus are large ciliates (200–300 mm in
diameter), that can be counted directly on the ﬁlter and
distinguished easily by their blue-green and brownishcolouring, respectively (Foissner and Woelﬂ, 1994). The
ingestion rates of different ﬁsh species were estimated by
counting the ciliates before and after each feeding
experiment.Assimilation rates of ﬁsh
We fed the ﬁshes with radioactively labelled ciliates
and measured the activity in the ﬁsh. Assimilation of
radiolabeled food by ﬁsh was described by Kamjunke
and Mehner (2001). For labelling Stentor, subsamples of
200–600ml of a suspension were spiked with 20–40 ml
NaH14CO3 (1.9GBqmmol
1, NEN) and incubated for
18–24 h in the light (200 mmol photonsm2 s1). Sam-
ples were ﬁltered through a 55 mm net, ciliates retained
by the net were rinsed and resuspended with distilled
water. The net retained all ciliates, and the treatment did
not damage the ciliates which were still alive and showed
normal movement. The suspension was added to a
plastic pail (volume: 3.5 L) with 1L of ﬁltered lake
water. To determine the activity of the suspension and
the number of ciliates per litre, subsamples of 5–10ml
were taken from each pail and ﬁltered onto 0.2 mm
Nucleopore ﬁlters. After counting the ciliates on the
ﬁlter, the ﬁlters were added to a plastic vial (4ml,
Packard, USA). Scintillation cocktail (Filtercount,
Packard, USA) was added to the vials, and radioactivity
was measured using a liquid scintillation analyser
(Beckmann LS 5000 CE).
After the ﬁsh were starved for 24 h, 5–16 individuals
were added to the pails and allowed to feed on the
suspension for 4 h at 13 1C. After the incubation,
animals were removed with a net, anaesthetized with
carbon dioxide-rich water, rinsed with distilled water,
and killed. Fish were gutted without damaging the gut.
To measure the activity of the ﬁsh tissue, gutted ﬁsh
were homogenized and placed into different scintillation
vials. NaOH was added and vials were heated to 60 1C
until the animals were dissolved. After adding scintilla-
tion cocktail (Aquasol, Packard, USA) to each vial,
radioactivity was measured as described above. The
individual assimilation rate (Stentor ﬁsh1 d1) was
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AR ¼ AF
AS
 S
t
(1)
where AF is the activity in the ﬁsh (Bq), AS the activity of
the food suspension (Bqml1), S the abundance of
Stentor in the food suspension (Stentor ml1), and t the
incubation time (d). The biomass-speciﬁc assimilation
rate (mg Stentor (mg ﬁsh)1 d1) was calculated using
the weight of ﬁsh (mg) and the wet weight of Stentor
(0.001mg).
Bacterial biomass and production
Subsamples for measuring bacterial biomass were
taken on all occasions when clearance rates of Stentor
were measured and were preserved with formalin (3.7%,
ﬁnal concentration). Bacteria were counted by ﬁltering
onto black polycarbonate membranes (0.2 mm pore size),
staining with 406-diamidino-2-phenylindole (DAPI;
Porter and Feig, 1980), and using an epiﬂuorescence
microscope (Leica) at  1000 magniﬁcation. Bacterial
carbon concentration was calculated by multiplying
the cell number with 20 fgC cell1 (Lee and Fuhrman,
1987). Bacterial production was measured using
14C-leucine according to Simon and Azam (1989).
Triplicate 3ml aliquots and one formalin killed control
(3.7%, ﬁnal concentration) were spiked with 0.46 ml
14C-leucine (11.3MBqmmol1, Sigma, 50 nM ﬁnal
concentration). After incubation for 1 h in the dark at0
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was stopped with formalin, and 0.36ml 50% trichlor-
acetic acid (TCA) was added to each bottle. Samples
were ﬁltered onto 0.2 mm Nucleopore ﬁlters, rinsed twice
with 1ml 5% TCA and once with 1ml 80% ethanol.
After adding 3ml Filtercount (Packard) to each
scintillation vial, radioactivity was measured as de-
scribed above.
Clearance rates of Stentor spp.
Bacteria were radiolabelled by adding 4.6 ml
14C-leucine (11.3MBqmmol1, Sigma, 50 nM ﬁnal
concentration) to 30ml of natural lake water. After
24 h incubation of bacteria, the sample was ﬁltered onto
0.2 mm Nucleopore ﬁlters. Bacteria on the ﬁlter were
resuspended with 30ml bacteria-free ﬁltered (0.2 mm)
lake water (Kamjunke et al., 1999), rinsing removed
about 90% of labeled bacteria from the ﬁlter. The food
suspension was then mixed with 30ml of a Stentor spp.
culture. To determine the activity of the suspension,
duplicates of 0.5ml were ﬁltered onto 0.2 mm Nucleo-
pore ﬁlters and rinsed with 1ml distilled water. Ciliates
were incubated at appr. 18 1C for 30min, ﬁltered onto a
55 mm net, resuspended with distilled water, and ﬁltered
onto 0.2 mm Nucleopore ﬁlters. After counting the
ciliates on the ﬁlter, radioactivity was measured as
described above. The clearance rate was calculated by
relating the activity in the ciliates to the activity of the
food suspension. The ingestion rate is the clearance ratecichthys
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production (b; error bars: SD of triplicates) in the water used
for the feeding experiments.Results
The Stentor density in the ﬁsh treatments of
C. australe, G. maculatus and 0.5 month-old O. mykiss
differed signiﬁcantly (pp0.001; one-way ANOVA, post-
hoc test: Dunnett T3) from the respective controls
(Fig. 1). This refers to ingestion rates of 53, 40 and 9
Stentor ind.1 d1, respectively. The ciliate densities in
the controls did not differ signiﬁcantly between ﬁsh
species (p ¼ 0.146; one-way ANOVA, post-hoc-test:
Dunnett T3). Stentor densities differed signiﬁcantly
between C. australe (lowest density) and all other ﬁsh
treatments (pp0.003) but not between other ﬁsh species.
Regarding the experiment with Odotesthes mauleanum,
the Stentor abundance in ﬁsh treatments was lower
(596718 StentorL1, mean7SD) than in the control
(837760 StentorL1) resulting in an ingestion rate of 22
Stentor ind.1 d1. There was no negative effect of ﬁsh
excretions on Stentor, one-way ANOVA showed no
differences between the controls (409763 StentorL1)
and excretions (473759 StentorL1) whereas Stentor
density for G. maculatus (2173 StentorL1) differed
signiﬁcantly (one-way ANOVA) from the control
(pp0.001) and the excretions (po0.01).
Assimilation rates of Stentor by different ﬁsh species
ranged between 3.3 (P. trucha) and 51.7
Stentor ind.1 d1 (C. australe; Fig. 2). The measured
daily assimilation rate of Stentor amounted to amaximum of 0.2% of the ﬁsh biomass but was much
lower on average. One-way ANOVA (post-hoc test:
Dunnett T3) showed no differences between the
assimilation rates of different ﬁsh species.
Bacterial abundance ranged between 1.3 and
3.1 109 L1 (mean 2.0 109 L1) which corresponded
to a bacterial carbon concentration of 26–61 mgCL1
(mean 40 mgCL1; Fig. 3). Bacterial production
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The clearance rates of Stentor sp. on natural bacteria
were between 2.1 and 5.4ml cil1 h1 (mean 3.8ml cil1 h1;
Fig. 4). This resulted in ingestion rates of 1.4–6.7 ng
C cil1 d1 (mean 3.9 ngC cil1 d1).Discussion
In the present study, it was demonstrated that several
ﬁsh species consumed the pelagic ciliate Stentor spp. in
North Patagonian lakes. Ingestion rates between 8.1
(G. maculatus) and 53.0 (C. australe) ciliates per ﬁsh and
day were measured. A slight decrease in Stentor
numbers in the controls was possibly caused by
damaging some of the cells during the pipetting or by
low food concentration. To our knowledge, these are the
ﬁrst consumption rates of ciliates by ﬁsh published so
far. However, the intensity of consumption was rather
low. The daily consumption of Stentor ranged between
0.0001% and max 0.2% of the ﬁsh biomass (wet
weight). This is relatively low compared to literature
data on consumption rates for ﬁsh, e.g. 20%d1 for
juvenile roach feeding on daphnids (Kamjunke et al.,
2002). One possible reason for the low ingestion rates
might be that the cortical granules of Stentor contained
some toxic stentorin (Otterstrøm and Larsen, 1946).
Assimilation rates ranged between 3.3 (P. trucha) and
51.7 (C. australe) ciliates per ﬁsh and day. These rates
may not be compared directly with ingestion rates sincewe used different methods for determination of inges-
tion and assimilation and different time scales.
The measured consumption cannot cover the energy
requirement of the ﬁsh. Thus, it seems that Stentor is not
very important for the alimentation of ﬁsh in North
Patagonian lakes. However, consumption rates might
be higher regarding ﬁsh larvae. G. maculatus of
3.7771.3 cm length fed on prey of 426–477 mm size in
a North Patagonian lake (Laguna Ezquerra, Argentina;
Cervellini et al., 1993), and larvae cultivation of
G. maculatus starts with zooplankton of max.250 mm
(Mitchell, 1989), but our consumption experiments of
Stentor (max.300 mm in length) were carried out with
specimens between 3.5 and 4.4 cm. To estimate the
inﬂuence of ﬁsh consumption on Stentor, we used a
recent investigation for the Ministry of Fisheries
which estimated the ﬁsh biomass of Lago Caburgua
and Lago Colico to 15-209 kg ha1 (Gladys Lara, pers.
comm., Temuco, Chile). Applying the measured
maximum consumption rate of 0.2%d1 of the ﬁsh
biomass (wet weight), this ﬁsh biomass might consume
3–41.8mgStentorm2 d1. In relation to the annual
mean biomass of Stentor (2680mg wet weightm2;
Woelﬂ and Geller, 2002), this refers to a proportion of
only 0.1–1.6% of the Stentor biomass. These calcula-
tions predict the total ﬁsh biomass; the biomass of larval
and juvenile ﬁshes is much smaller. Consequently, ﬁsh
predation does not seem to be an important mortality
factor for Stentor.
The measured clearance rates of Stentor spp. on
natural bacteria (3.8 ml cil1 h1) were at the lower end
compared to rates estimated for S. araucanus with 2.2
and 6.2 mm sized latex beads (3.8–30 ml cil1 h1; Woelﬂ,
1995). Small bacteria were obviously retained with a
lower efﬁciency. However, the measured values were
higher than results obtained with S. amethystinus and
autotrophic picoplankton (0.5–1 ml cil1 h1; Woelﬂ,
1995). The usual food spectrum of Stentor comprises
of algae, small ciliates and ﬂagellates; the cilia of the
adoral zone of membranelles create currents that drive
food particles toward the cytostome (Foissner and
Woelﬂ, 1994).
The mean measured ingestion rate of 3.9 ngC cil1 d1
was about 3.5% of the individual biomass of Stentor spp.
assuming an individual carbon biomass of 110ngC
which was calculated from a biovolume of 106mm3
(Woelﬂ, 1995) and a carbon content of 110 fgCmm3
(Turley et al., 1986). Therefore, bacteria ingestion might
explain a ciliate growth rate of appr. 1%d1 assuming a
growth efﬁciency near 25% (Straile, 1997). The bacteria
ingestion was about 17% of the photosynthesis of
endosymbiotic algae (23.3 ngC cil1 d1; Woelﬂ and
Geller, 2002). The maximum density of Stentor sp. in
the lake of 270 ciliatesL1 (Woelﬂ and Geller, 2002)
could ingest about 1mgCL1 d1 bacteria which is only
3% of average bacterial production. Thus, grazing by
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for the bacteria.
Overall, we investigated some trophic interactions of
Stentor spp. in North Patagonian lakes. It was demon-
strated that several ﬁsh species ingested these ciliates
although the quantitative importance of this trophic link
was low. Furthermore, we measured the grazing rates of
bacteria by Stentor which contributed less to the ciliates
growth than primary production of endosymbiontic
algae. Further studies should investigate why Stentor
occurs in some lakes and lacks in others. This includes
the quantiﬁcation of Stentor ingestion by cyclopoid
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